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We report atom probe results on impurity oxygen dissolution in a Zr65Cu15Al10Pd10 metallic glass
and its redistribution during nanocrystallization. Approximately 0.1 at. % impurity oxygen is
detected from the as-melt-spun Zr65Cu15Al10Pd10 metallic glass. Oxygen redistribution occurs
during annealing. In some crystallites, oxygen up to 4 at. % is detected, and virtually no oxygen is
dissolved in the remaining amorphous phase. This result directly demonstrates that impurity oxygen
promotes the crystallization by forming metastable phases containing high content oxygen and






























































msEven though the criteria for predicating glass formi
ability ~GFA! of amorphous alloys are based on homog
neous nucleation of crystals,1–4 the influence of impurities on
GFA, which may act as heterogeneous nuclei and thus hin
glass formation, is still an interesting topic in research a
development of amorphous alloys. Following the discov
of Zr based amorphous alloys with wide supercooled liq
regions by Inoueet al.,5 intensive studies have been carri
out to develop Zr-based bulk amorphous alloys which can
processed by the conventional casting method at low coo
rates.6–8 In general, amorphous alloys with wide supercoo
liquid regions tend to have difficulty in nucleation of cry
talline phases during solidification and heating, thus, s
pression of nucleation of crystalline phases is one of the
factors to obtain the metallic glasses with excellent GFA.
has a strong affinity with oxygen and is known as an exc
lent oxygen getter material. Oxygen may be dissolved in
melt from the atmosphere or from the raw materials, and t
certain level of oxygen is expected in Zr-based amorph
alloys under ordinary laboratory and industrial process
conditions.9 Altounian et al.10 studied the influence of oxy
gen on the crystallization of Zr–Ni binary amorphous allo
and proposed that atomic size nuclei of ZrO2 trigger the crys-
tal nucleation. Seidelet al.11,12 concluded that the crystalli
zation kinetics of Zr–Ni–Cu–Al bulk amorphous is strong
influenced by oxygen impurity level based on the fact t
increasing the content of oxygen causes a reduction of
supercooled liquid region in Zr65Cu17.5Ni10Al7.5 metallic
glass. Recently, Linet al.13 demonstrated that oxygen impu
rity level plays crucial roles in the crystallization kinetics
Zr-based multicomponent metallic glasses. The viscosity
Zr-based multicomponent metallic glasses, which is rela
to homogeneous nucleation rate of crystalline phases, is
reported to be sensitive to oxygen content.14 Although they
suggested that oxide particles serve as heterogeneous n
ation sites for crystallization, such oxide has never been
a!Electronic mail: chen@fistm.imr.tohoku.ac.jp8120003-6951/99/74(6)/812/3/$15.00























served by any microscopic techniques. In addition, it is
clear how the presence of dissolved oxygen influences
formation of the crystallization phases in Zr-based meta
glasses. In order to clarify the effect of oxygen on crysta
zation of Zr-based metallic glasses, it is essential to mea
the distribution of oxygen in the metallic glasses directly.
this letter, we report the first direct experimental evidence
the dissolution and redistribution of oxygen in a Zr-bas
metallic glass by atom probe field ion microscopy~APFIM!.
Zr65Cu15Al10Pd10 amorphous alloy was selected for th
study, because this alloy forms nanocrystalline microstr
ture during crystallization and is suitable for observing cry
tallization event in conjunction with the oxygen redistrib
tion by APFIM. An alloy ingot was prepared by arc meltin
high purity raw materials~99.9 Zr, 99.99 Cu, 99.99 Al, and
99.9 Pd!. Amorphous ribbons with a cross section of abo
20 mm31.5 mm were prepared by a single roller melt sp
ning technique in an argon atmosphere. The exothermic
endothermic reactions associated withTg andTx were mea-
sured in a continuous heating mode by differential scann
calorimetry at a heating rate of 40 K/min. The values ofTg
andTx1 are 708.7 and 743.6 K, respectively, which are sim
lar to the previous differential scanning calorimetry results
the Zr–Cu–Al–Pd system.15 The specimens were anneale
at 730 K for 60 min in vacuum~about 1025 Torr! for nanoc-
rystallization. The ribbon-shaped specimens were mech
cally ground to square rods of approximately 20mm320 mm
and electropolished to sharp needle shape FIM specimen
a microelectropolishing technique. An energy compensa
time-of-flight atom probe and a three dimensional ato
probe ~3DAP! equipped with a CAMECAs tomographi
atom probe detection system were used in the present w
The atom probe analyses were performed at a tip tempera
of about 45–65 K in vacuum of 10210 Torr with a pulse
fraction of 0.20 and pulse repetition rate of 100 Hz in the A
and 700 Hz in the 3DAP, respectively.
Figure 1 shows atom probe concentration depth profi
obtained from an as-quenched sample, in which 100 ato© 1999 American Institute of Physics
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Downare treated as one data block for calculating the concentra
data point with a moving average of 50 atoms. The dot
lines represent the mean concentration. The concentra
distributions of Zr, Cu, Pd, Al, and O are basically unifor
within the expected errors from the counting statistics. T
experimentally determined average concentration of oxy
is about 0.1 at. % and no obvious oxide with high cont
oxygen is detected. Selected area electron diffrac
~SAED! and transmission electron microscope observati
further confirmed that the as-quenched alloy is typical am
phous and no oxide crystallites are observed. Becaus
preferential evaporation of Cu, the measured average
centration of Cu slightly deviates from the nominal conce
tration. Since this study is to determine the distribution
oxygen, such deviation of the Cu concentration should
influence our results seriously.
Figure 2 shows the bright field electron micrograph a
its corresponding SAED pattern of the Zr65Cu15Al10Pd10
amorphous alloy annealed at 730 K for 60 min. A lar
number of nanocrystals with the grain size ranging from
to 40 nm are observed in the micrograph. The SAED patt
shows several sharp rings embedded in a dim amorph
halo, indicating that there is still some residual amorpho
phases in the nanocrystallized sample. Separate FIM ob
vation also demonstrates the existence of residual amorp
among nanocrystallites.
Figure 3~a! shows 3DAP elemental mapping of oxyge
from an analyzed volume of 17317344 nm. Each dot cor-
responds to the position of an oxygen atom. Oxygen dis
bution is not uniform within the analyzed region but enrich
in some localized regions. Concentration depth profiles
the alloying elements were measured from the selected
ume of 535344 nm indicated inside the analyzed volume
shown in Fig. 3~b!, in which two distinct crystal phases ar
detected. One is an Al enriched phase containing abou
FIG. 1. Atom probe concentration depth profiles of the as-quenc


























at. % of Al ~marked as A!. Another is a Cu enriched phase,
which the concentration of Cu is about 22 at. %~marked as
C!. However, it is worth noting that high content oxygen
detected in both crystal particles and the local concentra
of oxygen reaches approximately 4.0 at. %. According to
x-ray diffraction results by Fan and Inoue,15 two possible
phases, Zr2~Cu,Pd! and Zr3~Al,Pd!2, are considered to be
present at this stage. Based on the compositions determ
by the 3DAP data, the Cu and Al enriched phases in Fig
can be regarded as Zr2~Cu,Pd! and Zr3~Al,Pd!2, respectively.
d
FIG. 2. Bright field electron micrograph and its corresponding selected
diffraction pattern of Zr65Cu15Al10Pd10 annealed at 730 K for 60 min.
FIG. 3. ~a! 3DAP oxygen map of Zr65Cu15Al10Pd10 annealed at 730 K for 60
min. Atoms were sampled from a volume of 17317344 nm. ~b! Concen-
tration depth profile of Zr, Cu, Al, Pd, and O determined from the selec
volume of 535344 nm indicated in the analyzed volume~a!.
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DownHowever, significant substitutions among Cu, Al, Pd, and
in the two crystal phases can be observed. Both Cu-
Al-enriched phases contain all the alloying elements p
sented in the metallic glass and no equilibrium phases
detected. The other region~B! with slightly enriched Zr is
believed to be the remaining amorphous phase. The ov
composition determined by the 3DAP analysis is 64
at. %Zr, 14.4 at. %Cu, 11.4 at. %Pd, 9.0 at. %Al, and
at. %O, which is in excellent agreement with the nomin
composition of the alloy. Thus the chemical compositio
determined in this analysis can be interpreted as quantita
ones.
This work has clearly shown that a certain amount
oxygen is dissolved in the Zr-based amorphous alloy eve
oxygen is not added intentionally. Possibly, the oxyg
originates from the impurity in the raw materials, and part
them would be dissolved in the melt from the crucible. In t
as-cast amorphous alloy, oxygen is uniformly dissolved w
an approximate content of 0.1 at. %. When the specime
crystallized from the amorphous phase, oxygen redistribu
occurs and it is partitioned in the crystalline phases such
Zr2~Cu,Pd! and Zr3~Al,Pd!2, being completely swept awa
from the remaining amorphous phase.
Oxide particles are often attributed to possible hetero
neous nuclei for crystallization.10,13 However, in this study,
no oxide particles have been found by APFIM as well as
transmission electron microscopy~TEM!. Although this does
not rule out the possibility of the presence of a low density
oxide particles, it is certain that nanocrystallization in th
alloy system does not occur by the heterogeneous nuclea
at the site of oxide particles. The oxygen concentration in
crystalline phases is approximately 4 at. %, which is sign
cantly lower than that of any type of oxides expected in t
alloy. Thus, the oxygen enriched regions observed in
present work are not oxides. Instead, they are prefere



























metastable phases, which is consistent with more recent
perimental result that increasing oxygen content changes
crystallization mode and leads to more pronounced m
stable phase formation in Zr–Al–Cu–Ni metallic glasses12
In summary, the metastable phases with oxygen up t
at. % are detected in a nanocrystallized Zr based meta
glass with a wide supercooled region. Even though furt
work is necessary to confirm the formation mechanism of
metastable phases, based on present experimental resu
is much clearer that the influence of oxygen on the kine
of crystallization is due to the formation of the oxygen e
riched metastable phases during annealing.
This work was partly supported by the NEDO Intern
tional Joint Research Grant.
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